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ABSTRACT

The spall strength of alumina bars was determined using a bar impact apparatus.
The fracture morphology in the region of maximum tensile stress caused by the transient
wave was investigated using a scanning electron microscope. No microcracking was detected
away from the spall plane and the fracture toughness of the unspalled bar remained
unchanged with increasing velocity.

INTRODUCTION

The ultimate goal of this research project is to study the residual strength of
monolithic ceramics and ceramic/ceramic composites. The results of such a study can be
used to design engineered ceramic composites with higher impact resistance. In order to
achieve this goal, an impact test, which is a variation of the plate impact test, was developed.
The plate impact test produces a one-dimensional compressive square stress pulse, which
neglects the effects of lateral inertia caused by Poisson's effect, propagating from the impact
face at the speed of sound [1]. The impactor is made of the same material and its length is
half of the specimen length. A stress pulse, with a length equal to the specimen length, is
thus produced. The wave propagation behavior is illustrated by the wave propagation
schematics in Figure 1 and the characteristic diagram of the wave fronts (Lagrangian
diagram) in Figure 2. The incoming compressive wave reflects off of the free end as a
tensile wave and superposition dictates that the tensile stress component will be cancelled
by the compressive component. The result is a shrinking compressive wave centered in the
middle of the specimen. As the wave ends cross each other in opposing directions, a tensile
component suddenly appears at the center of the spacimen. The square tensile wave form
will expand outward towards either end until the entire specimen is in a state of tension.
This cycle is repeated until the impact energy is dissipated. Details of elastic wave
propagation theory are given in Ref. [1]. The maximum stress amplitude of the pulse is
given as ; .
EVo S
o= o0 c2

E
0 (1)

where C is the dilatational bar wave speed, E is the elastic modulus, p is the density, and Vo ——

is the projectile velocity. _ﬂ___
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Experience with metals shows that spall damage can occur at the location of
maximum stress and is a function of the tensile stress amplitude and pulse duration [2].
Based on the Lagrangian diagram, the region of maximum damage due to the stress pulse is
located in the middle region of the specimen. Plate impact experiments on MgO crystals
generated microcracking near the midplane[3], and plate impact experiments on Cu-SiO2
crystals produced microvoid formaticn rear the midplane{4]). Alumina has been tested ~—~——
extensively by high velocity plate impact experiments{5-11]. The spall strength of
alumina was reported to be dependent on the tensile stress amplitude and strain rate. - .
Microcracks can be "trapped” in brittle materials when the pulse duration is sufficiently s e

short.
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EXPERIMENTAL METHOD

Since the current work requires fracture toughness testing, an impact technique was
developed which employs a 50.8 mm bar specimen which is impacted on one end by a bar of
half the length (See Fig. 3). The impact apparatus, shown in Figure 4, consists of an air
gun, pneumatic controls, and the impact system. The impact carriage, which contains the
impactor, is propelled down the guide rails towards the specimen carriage. The impactor
first collides with the specimen. Prior to collision of the plastic pieces, the elastic wave
traverses the specimen length several times. A sawdust filled catch box receives tne
airborne specimen.

Since the stress level is a function of the impact velocity, accurate measurement of
the velocity is important. The velocity measurement system consists of a low power laser
which strikes a mirror mounted on the impactor carriage . The mirror, which has six black
lines accurately spaced every 10 mm, travels past the stationary laser beam. The laser
beam is reflected into a photodiode, producing a voltage reading by an oscilloscope. The six
lines produce peaks in the oscilloscope reading from which the velocity can be determined.
The striking velocity, Vo, is determined by

Vg = 2PAd/m (2)

The velocity is a function of the pressure, P, the barrel cross sectional area, A, the
impactor carriage travel, d, and its mass, m. A calibration curve was established by a

straight line fit of the plot of Vg versus P.

A strain gage (M-M CEA-06-064UW-350) was mounted 21.6 mm from the impact
face in order to monitor the transient strain wave. Since the strain pulse has only a 6.2
usec duration, the measurement system had to have at least a 10 MHz response. The gage
was a part of a potentiometer circuit which incorporated a high band pass filter(See Fig. 5).
The ten gain amplifying circuit had a 20 MHz response, and the digital oscilloscope was set
to 20 MHz. Since the strain gage has a finite gage length, it will average a rapidly varying
signal over its gage length{12,13]. One may either correct the distortion or simply keep
the gage length as small as possible in order to minimize the distortion[12]. The gages
which were used had a 1.6 mm gage length. Smaller gages could not be employed since they
could not dissipate enough heat on the specimens of poor heat conductivity. Excessive
current will thermally damage the strain gage[13,14]. Data acquisition programs have
been written for a wave form which is to be stored on the computer disk, sent to the
oscilloscope for accurate time, strain, and strain rate measurements, and allows a portion of
the wave form to simulate propagation in the specimen.

The specimens were precision cut and ground to the dimensions shown in Figure 3.
Since the specimens were to be examined under a scanning electron micrescope(S.E.M.), one
side <urface of the specimen was polished prior to testing. Polishing was performed on a flat
glass plate using 6 micron and 1 micron diamond paste.

A critical requirement of a plate impact experiment is that the two impacting faces
must meet with perfect flatness, and to satisfy this, the two surfaces must be flat and
perpendicular 1o the adjacent sides. Precision grinding was followed by briefly polishing
the ends on a flat glass plate using 6 micron and 1 micron diamond paste. The contact
between the surfaces was checked under a microscope while the specimens were on a fiat
surface. Even with careful machining, the impact carriages did not meet perfectly. A mold




was designed so that urethane specimen/impactor holders were molded directly in the
machine. A single ground steel bar passed through both molding cavities. When the solid
metal piece was removed, perfectly aligned cavities were created in both plastic pieces. A
Smaller metal bar was added to create a cavity for the strain gage and it's wires. The
urethane had the added benefit of being dimensionally stable during curing and resilient to
the impact force.

Once the impactor and specimen were installed in the impact apparatus, a final check
was made by shinning a helium roon laser light along iite line of coniact with a white paper
in the back ground. When no laser light could pass the contact line, then good square strain
pulses were produced. A poor contact between the impactor and specimen caused sinusoidal
wave forms with a superimposed slight flexural wave.

RESULTS

Alumina (Coors AD-85) bar specimens were impacted up to 14.0 m/s. Those
specimens impacted above 12.2 m/s failed by complete spail. Specimens which did not fail
by complete spall were tested for fracture toughness, K|C. All specimens were subjected to
rigorous optical and S.E.M. evaluation.

Bar Impact Test

The strain wave record is correlated with the Lagrangian diagrams in Figures 6 and
7 for the impact velocities of 12.2 m/s and 14.0 mVs. The wave forms are basically square
as predicted by elementary bar theory, and the higher frequency oscillations are apparent
which is attributed to the lateral inertia. The wave forms compare closely to experimental
results for long rods obtained by Miklowitz[15] The “zero strain” periods predicted by the
Lagrangian diagram did not appear due to the three dimensional effects. As expected, the
first compressive pulse has the longest “true” duration. Interestingly, the spalled
specimen impacted at 14.0 m/s failed on the second cycle of tension. This was consistent
among all specimens which failed by complete spall and supports the theory of cumulative
damage.

Figure 8 displays the predicted and experimentally determined stresses plotted
against the impact velocity. The predicted stress was calculated using Equation (1) with the
measured impact velocity and wave speed, and the stress was obtained from the measured
strain. Both values used the manufacturers value of Young's modulus (see Table 1). Some
question arose in the measurement of the strain level since lateral inertia effects cause
jagged wave forms. The measurement was taken at the peak values, but wave theory
indicates that this could lead to stress values which are 27% too high (see Ref. 15).

Fracture Toughness Determination

The unbroken specimens were subjected to K|C evaluation by the procedure
presented in References [16-18]. The fracture toughness is plotted as a function of impact
velocity in Figure 9. The K|C was found to be independent of impact velocity. Variation of
KiC in Figure 9 is attributed only to the experimental scatter. Values of K|C are close to
those given by the material's manufacturer in Table 1.




Macro/Micro Damage Evaluation

Figure 10 maps the macrocracking found in the specimens which failed by complete
spall. The alumina bars subjected to low velocity impact in this test did not exhibit the
duration and magnitude dependency of failure. The specimen which did not fail at 12.2 m/s
showed an unusual crack originating at the impact face. No other cracking was found in the
intact specimens. The polished siae surface ravealed no wide spread microcracking when
examined under the scanning electron microscope, but an uncommon microcrack was found
originating at a pore (Fig. 11). This was the only microcrack found not associated with a
spall fracture.

The fracture faces of the spalled specimens and quasi-static fractured specimens
were examin2d under the S.E M., and the damage characteristics are summarized in Table 2.
The spall failed specimens exhibited extensive crack branching (see Fig. 12) where the
quasi-static fracture specimens showed none. The fracture surfaces were qualitatively
examined for intergranular and transgranular fracture characteristics. In both cases only a
small percentaga (~5-10%) of the grains failed by transgranular fracture (see Fig. 13)
and the remaining surface was intergranular failure. The spall fracture surface exhibited
substantial microcracking evidence of both grain separation (see Fig. 14) and transgranular
fracture (see Fig. 15). The grain separation occurrences appeared to correlate with the
impact velocity. Such intergranular failures only appeared at the spalled fractured surface,
hence no change could be expected in the physical properties of the unspalled specimens.

CONCLUSIONS

The low velocity impact event produced essentially no microcracking away from the
spall planes. This was reflected by no change in the fracture toughness of the intact bars.
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Table 1, Material Properties

Material Alumina(Al203)
Manufacturer's Designation Coors AD-85
Elastic Modulus(GPa) 221
Possion's Ratio 0.22
Density (g/cc) 3.41
Flexural Strength (MPa) 317
Fracture Toughness (MPa\fﬁ ) 3-4

Bar Wave Speed (km/s) 8.1

Table 2, Fracture Face Characteristics of Alumina

Qut of Plane Microcracks
Intergranular Transgranular Intergranular& Transgranular  Crack

Primary Failure Primary Failure Iriple points Cracking  Branghing

Unimpacted
quasi-static 1 2 4 5 5
fracture

Quasi-static 1 2 3 5 5
fracture(12.2m/s)

Spall fracture 1 2 2 3 3
(12.5 m/s)

Spall fracture 1 2 2 3 3
(14.0 m/s)

Extensive
Common
Occasional
Rare
Non-existent
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Figure 1, Wave propagation schematic in Figure 2, Characteristic diagram of the wave

a plate impact test.
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Strain History of Bar Impacted at 12.2 m/s
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Figure 6, Correlation of measured strain with Lagrangian diagram; velocity = 12.2 m/s.
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Strain History of Bar Impacted at 14.0 m/s
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Figure 7, Correlation of measured strain with Lagrangian diagram; velocity = 14 m/s.
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Figure 9, Fracture toughness as a function of impact velocity.
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Figure13, Evidence of transgranular fracture; velocity = 14 m/s.
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Figure 14, Intergranular crack (grain separation) in alumina; velocity = 14 m/s.

it

Figure 15, Transgranular fracture crossing several grains; velocity = 12.5 m/s.

15




Ottice of Navai Research
300 N Qunicy Slreet
Arlington, VA 22217-5000
Atn: Code 11325M (4
zoptes)

Ottice ot Naval Research
200 N Quincy Street
Ariington. VA 22217-5000
attn: Code 1131

letense Documentation Cntr
4 copies)

Camaeron Station

Alexandgna, VA 02314

Naval Research Laboratory
#ashington. DC 20375
Attn: Code 6000

Naval Research Laboratory
Nashington, OC 20375
Attn:  Code 6300

Naval Research Laboratory
Washington. N 20375
Attn: Code 6380

‘laval Research Laboratory
‘Nashington, OC 20375
Attn:  Code 5830

Naval Research Laboratory
Washington, OC 20375
Attn:  Code 6390

Naval Research Laboratory
Washington, DC 2037%
Altn: Code 2620

David W. Taylor Naval Ship
R & D Center

Annapolis. MD 21402

Alin: Code 28

Dawvid W Taylor Naval Ship
R & D Center

Annapolis. MD 21402

Attn- Code 2812

Dawvid W. Taylor Navai Ship
R & D Center

Annapohs. MD 21402

Attn: Code 2814

Dawd W. Taylor Naval Ship
R & D Center

Annapolis, MD 21402

Attn: Code 1700

Davwd W Taylor Naval Ship
R & D Center

Annapolis, MD 21402

Aitn: Code 1720

Dawnd W. Taylor Naval Ship
R & D Center

Annapohs, MD 21402

Attn: Code 1720.4

Naval Air Development
Ceanter
Warminster, PA
Attn:  Code 6043

18974

Naval Air Development
Center
Warmunster. PA
Altn: Code 6063

18974

Navai Surface Weapons
Center
White Oak. MD 20910
Attn: Code R30
Technical Library

Naval Surface Weapons
Center

Dahigren, VA 22448
Attn:  Technical Library

Na ral Civil Eng Library
Port Hueneme, CA 93043
Attn:  Technical tLibrary

Naval Underwater Systems
Center
New London. CT 06320
Attn: Code 44

Technical Library

Navai Underwater Systems
Center

Newport, RI 02841

Altn:  Technicai Library

Naval Weapons Center
China Lake, CA 99555
Attn:  Techmical Library

NRL/Underwater Sound
Reference Dept.
Odando, FL 32856
Attn: Technical Library

Chief of Navai Operations
Department of the Navy
Washington, OC 20350
Attn: Code OP-098

Commander

Naval Sea Systems Command
Washington, DC 20362

Attn: Code 05R25

Commander

Naval Sea Systems Command
Washington, DC 20362

Attn: Code 05R26

Commander

Naval Sea Systems Command
Washington, OC 20362

Altn: Code 09B31

Commander

Naval Sea Systems Command
Washington, OC 20362

Attn: Code 55Y

Commander

Naval Sea Systems Command
Washington, DC 20362

Attn: Code 55Y2

Commander

Naval Sea Systems Command
Washington, OC 20362

Attn: Code 03D

Commander

Naval Sea Systems Command
Washington, DC 20362

Atin: Code 7226

Commander

Naval Sea Systems Command
Washington, OC 20382

Attn: Code 310A

Commander

Naval Sea Systems Command
Washington, OC 20362

Altn: Code 3108

US Naval Academy
Mechanical Engineernng Dept.
Annapoiis, MD 21402

Naval Postgraduate School
Monterey, CA 93940
Attn:  Technical Library

Mr. Jerome Persh

Stt Specit for Matls &Struct
OUSDE & E. The Pentagon
Room 301089

Washington, OC 20301

Protessor J. Hutchinson
Harvard University
Div. of Applied Sciences
Cambridge. MA 02138

Dr. Harold Liebowitz, Dean
School of Engr. & Applied Sci.
George Washington
University

Washington, OC 20052

Professor G.T. Hahn
Vanderbiit University

Dept. of Mech. & Mairis. Engr.
Nashville, TN 37235

Professor Albert S.
Kobayashi

Dept. of Mechanical
Engineering

University of Washington
Sesttie, WA 98195

Prolessor L.B. Freund
Brown University
Oivision of Engineering
Providence, Rl 02912

Professor B. Budlansky
Harvard University

Division of Applied Sciences
Cambridge, MA 02138

Prolessor S.N. Atluri
Georgia institute of
Technology

Schoot ol Engr. & Mechanics
Allanta, GA 30332

Protessor G.Springer
Stanford University
Dept. of Aeronautics
& Astronaytics
Stanford, CA 94305

Professor H.T. Hahn
Dept of Engr Sciences &
Mech

Penn State University
227 Hammond Bidg
University Park, PA 16802
Protessor S K. Datia
University of Colorado
Dept. of Mechanical
Engineering

Bouider. CO 80309

Dr. ML. Wiiliams

School of Engineenng
University of Pittsburgh
Pittsburgh. PA 15261

Professor R.H. Gallagher
President

Clarksan University
Potsdam, NY 13676

Dr. D.C. Drucker

Dept. of Aerospace Eng.
& Mechanica

University of Florida

Tallahassee, FL 32611

Protessor B.A. Boley
Dept. of Civil Engineenng
Columbia University
New York, NY 10025

Professor J. Dufly
Brown Universily
Division of Engineenng
Providence, RI 02912

Protessor J.D. Achenbach
Nonthwestem University
Dept of Civii Engineenng
Evanston, IL 60208

Professor F.A. McClintock
Dept of Mechanical
Engineering
Massachusetts Institute of
Technology

Cambridge, MA 02139

Profesgor O.M. Parks

Dept of Mechanical
Engineering
Massachusetts institute of
Technoiogy

Cambridge, MA 02139

Dr. M.F. Kanninen
Southwest Research
Institute

PO Drawer 28510

6220 Culebma Road
San Antonio, TX 78284

Protessor F.P. Chiang

Dept of Mechanical Engr
State U of NY at Stony Brook
Stony Brook, NY 11794

Professor S.S. Wang

Dept of Theoretical & Appi
Mechs

University of lllinois
Urbana, IL 61801

Professor Y. Weitsman
Civil Engr Depanmem
Texas A&M University
College Station, TX 77843

Prolessor .M. Daniet
Dept of Mechanical Engr
Northwestern University
Evanston, IL 60208

Prolessor C.T. Sun

School of Aeronautics
& Astronautics

Purdue Univeraity

W. Latayette. IN 47007

Professor J. Awerbuch
Dept ot Mech Engr &
Mechamncs

Drexel University
Philadelphia. PA 19104

Professor T.H. Lin
University of California
Clvil Engineenng Dept
Los Angeies. CA 00024

Professor G.J. Dvorak
Dept of Civil Engr
Rensseiaer Polytecnic
Institute

Troy, NY 12180

Or. R.M. Christensen
Chemistry & Mt Sci Dept
Lawrence Livermore Nati
Lab

PO Box 80P

Livermore, CA 94550

Protessor J.R. Rice
Division of Applied Scilences
Harvard University

Cambridge, MA 02138

Prolessar W.N. Sharpe
The Johns Hopkins
University

Dept of Mechanics
Baltimore, MD 21218

Prolessor C.F. Shih
Brown University

Division of Engineering
Providence, RI 02912

Professor A. Rosakis
Calilornia Insttute of Tech
Graduate Aeronawtical Labs
Pasadena, CA 91125

Professor D. Post

VA Polytechnic & State U
Dept of Engr Science &
Mechancs

Blacksburg, VA 24061

Protessor W. Sachse
Comell University
Dept of Theoretical &
Applied Mechanics
ithaca, NY 14853




SECURITY CLASSIFICATION OF THIS PAGE (When Dats Entered)

REPORT DOCUMENTATION PAGE BEFORE COmbE N RN
1. REPORT NUMBER 2. GOVY ACCESSION NO.l 3. RECIPIENT'S CATALOG NUMBER
UWR /DME/TR-89/1
4. TITLE (and Subtitle) 5. TYPE OF REPORT & PERIOD COVERED
Spall Resistance of Alumina Technical Report

6. PERFORMING ORG. REPORT NUMBER
UWA/DME/TR-89/1

7. AUTHOR(s) 8. CONTRACY OR GRANT NUMBER(s)

L.R. Deobald, M. Taya, A.S. Kobayashi, H.S. Yoon

N00014-87-K-0326

0. s .
S Dent of Mach Eaoro Fowe e Aoones: © RRER VR UNI T WUMBERs
L -
University of Washington
Seattle, Washington 98195

1. CONTROLL!NG OFFICE N'AME AND ADDRESS 12. REPORT DATE
Office of the Chief of Naval Research 9/89
Arlington, Virginia 22217-5008 13. NUMBER OF PAGES
15
14. MONITORING AGENCY NAME & ADDRESS(/f different trom Controlling Oftice) 18. SECURITY CL ASS. (of this report)
unclassified

15a. DECLASSIFICATION/DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of thie Report)

unlimited

17. ODISTRIBUTION STATEMENT (of the abstract entered In Block 20, if di{terent from Report)

18. SUPPLEMENTARY NOTES

13. KEY WORDS (Continue on reverse aide !f necessary and identify by block number)

alumina, impact, spall strength

20. ABSTRACT (Continue on reverse eide if necesassry and identity by block number)

The spall strength of alumina bars was determined using a bar impact
apparatus. The fracture morphology in the region of maximum tensile stress
caused by the transient wave was investigated using a scanning electron micro-
scope. No microcracking was detected away from the spall plane and the

fracture toughness of the unspalled bar remained unchanged with increasing
velocity.

DD 5% 1473  eoimion oF 1 nov 6813 OBsOLETE lassified
S/N 0102-014~6601 ! unciassitie
SECURITY CLASSIFICATION OF THIS PAGE (When Data Bntered)




